Universiteit

4 Leiden
The Netherlands

Structural phylogenetic analysis reveals lineage-specific RNA repetitive
structural motifs in all coronaviruses and associated variations in SARS-
CoV-2

Chen, S.C.; Olsthoorn, R.R.C.L.; Yu, C.H.

Citation

Chen, S. C., Olsthoorn, R. R. C. L., & Yu, C. H. (2021). Structural phylogenetic analysis reveals
lineage-specific RNA repetitive structural motifs in all coronaviruses and associated variations
in SARS-CoV-2. Virus Evolution, 7(1). doi:10.1093/ve/veab021

Version: Publisher's Version
License: Creative Commons CC BY-NC 4.0 license
Downloaded from: https://hdl.handle.net/1887/3248647

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by-nc/4.0/
https://hdl.handle.net/1887/3248647

Virus Evolution, 2021, 7(1): veab021

gv v I RU S doi: 10.1093/ve/veab021
EVO LUT' O N Research Article

Structural phylogenetic analysis reveals lineage-specific
RNA repetitive structural motifs in all coronaviruses and
associated variations in SARS-CoV-2

Shih-Cheng Chen,' René C. L. Olsthoorn,? and Chien-Hung Yu®*"

'Department of Biochemistry and Molecular Biology, College of Medicine, National Cheng-Kung University,
No.1, University Road, Tainan City 701, Taiwan and “Department of Supramolecular Biomaterials Chemistry,
Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, Einsteinweg 55, 2333 CC, Leiden,The
Netherlands

*Corresponding author: E-mail: chienhung yu@mail.ncku.edu.tw
Thttps://orcid.org/0000-0003-0337-4473

Abstract

In many single-stranded (ss) RNA viruses, the cis-acting packaging signal that confers selectivity genome packaging usually
encompasses short structured RNA repeats. These structural units, termed repetitive structural motifs (RSMs), potentially me-
diate capsid assembly by specific RNA-protein interactions. However, general knowledge of the conservation and/or the diver-
sity of RSMs in the positive-sense ssRNA coronaviruses (CoVs) is limited. By performing structural phylogenetic analysis, we
identified a variety of RSMs in nearly all CoV genomic RNAs, which are exclusively located in the 5'-untranslated regions
(UTRs) and/or in the inter-domain regions of poly-protein 1ab coding sequences in a lineage-specific manner. In all alpha- and
beta-CoVs, except for Embecovirus spp, two to four copies of 5'-gUUYCGUc-3 RSMs displaying conserved hexa-loop sequences
were generally identified in Stem-loop 5 (SL5) located in the 5'-UTRs of genomic RNAs. In Embecovirus spp., however, two to
eight copies of 5'-agc-3'/guAAu RSMs were found in the coding regions of non-structural protein (NSP) 3 and/or NSP15 in open
reading frame (ORF) 1ab. In gamma- and delta-CoVs, other types of RSMs were found in several clustered structural elements
in 5'-UTRs and/or ORFlab. The identification of RSM-encompassing structural elements in all CoVs suggests that these RNA
elements play fundamental roles in the life cycle of CoVs. In the recently emerged SARS-CoV-2, beta-CoV-specific RSMs are
also found in its SL5, displaying two copies of 5'-gUUUCGUc-3' motifs. However, multiple sequence alignment reveals that the
majority of SARS-CoV-2 possesses a variant RSM harboring SL5b C241U, and intriguingly, several variations in the coding
sequences of viral proteins, such as Nsp12 P323L, S protein D614G, and N protein R203K-G204R, are concurrently found with
such variant RSM. In conclusion, the comprehensive exploration for RSMs reveals phylogenetic insights into the RNA struc-
tural elements in CoVs as a whole and provides a new perspective on variations currently found in SARS-CoV-2.
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1. Introduction Coronaviridae. They were not considered highly pathogenic to
humans as they mostly cause mild symptoms, until the out-

Coronaviruses (CoVs) are positive-strand RNA viruses that break of severe acute respiratory syndrome (SARS)-CoVs in

belong to the subfamily Orthocoronavirinae within the
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2002-03 (Ksiazek et al. 2003; Rota et al. 2003; Sorensen et al.
2006; Cui et al. 2019). Over the past decade, more highly patho-
genic novel CoVs, such as Middle East respiratory syndrome
(MERS)-CoV, Swine acute diarrhoea syndrome-CoV, and the re-
cent SARS-CoV-2, have emerged, seriously impacting global
health and economy (Guan et al. 2003; Hemida et al. 2013; Zhou
et al. 2018; Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses 2020; Huang et al. 2020).
Before 2003, there were only ten CoVs with complete genome
sequences available (Woo et al. 2009). Since the outbreak of
SARS-CoV, extensive studies have driven discovery of unidenti-
fied CoVs globally (Perlman and Netland 2009; Woo et al. 2009;
Woo et al. 2012a,b; Graham et al. 2013; Hu et al. 2015; Su et al.
2016; Forni et al. 2017). To date, numerous CoVs have been iden-
tified and classified into four genera, Alpha-, Beta-, Gamma-, and
Deltacoronavirus, in the subfamily Orthocoronaviridae. Infections
of alpha- or beta-CoVs usually cause respiratory illness and gas-
troenteritis in mammals, while gamma- and delta-CoVs are
mostly infecting birds (Woo et al. 2009; Woo et al. 2012a; Wang
et al. 2015; Cui et al. 2019; Han et al. 2019; So et al. 2019).
Recently, the four genera of CoVs were further classified into
twenty-three subgenera basing on phylogenetic relationships
and genome structures according to CoVs Study Group of
International Committee for Taxonomy of Viruses.

Previously, we have reported that the 5'-proximal sequences
of alpha- and beta-CoV genomic RNAs (gRNAs) consist of
several structural elements, of which the locations, sizes, varia-
tions, homology, etc., were found highly conserved in a lineage-
specific manner (Chen and Olsthoorn 2010). These RNA
elements, designated as stem-loop (SL) 1 to 6, have been corre-
lated to their cis-acting regulatory functions in viral protein syn-
thesis, genome replication, and genome packaging (Escors et al.
2003; Raman et al. 2003; Raman and Brian 2005; Wu et al. 2006;
Brown et al. 2007; Liu et al. 2007; Li et al. 2008; Liu et al. 2009;
Guan et al. 2012; Keane et al. 2012; Tan et al. 2012; Yang and
Leibowitz 2015; Madhugiri et al. 2016). Among SL1 to 6, SLS is
particularly interesting for that its tripartite apical substruc-
tures, SL5a-c, displays conserved 5’-UUYCGU-3’ sequences in
nearly all group I (alpha-) and II (beta-) CoVs discovered before
2010 (Chen and Olsthoorn 2010). Exceptions are the group Ila
beta-CoVs (Embecovirus spp.), such as Murine hepatitis virus
(MHV) and Bovine CoV (BCoV), which are lacking these 5’-
UUYCGU-3' containing hairpins altogether. Instead, group Ila
beta-CoVs exclusively possess a long stem-bulge element in the
coding sequences of non-structural protein (NSP) 15 of open
reading frame (ORF) 1lab, which encompasses multiple copies of
AA-bulges and has been reported to serve as the packaging sig-
nal (PS) (Fosmire et al. 1992; Molenkamp and Spaan 1997; Woo
et al. 1997; Cologna and Hogue 1998; Chen et al. 2007b; Kuo and
Masters 2013). These findings suggest that RNA elements
encompassing short structured repeats, termed repetitive struc-
tural motifs (RSM), are generally present in CoV gRNAs as they
may facilitate conserved vital processes in CoVs’ life cycle, e.g.
genome packaging (Kuo and Masters 2013; Masters 2019), by
specific interaction with protein and/or RNA factors. Thus,
knowledge of the homology and diversity of RSMs and their lin-
eage-specificity in CoVs are of importance in both functional
and evolutionary perspectives. Although the diversity of CoVs
has been profoundly explored over the past decade, however,
our general understanding of their RSMs is limited.

In this study, we have performed a comprehensive struc-
tural phylogenetic analysis for gRNAs of all species in subfamily

Orthocoronavirinae to globally explore RSMs and the encompass-
ing elements. Structural features of these elements were stud-
ied for their general homology, diversity, and lineage-
specificity. In particular, conservation and variation of the RSMs
were also verified in the currently pandemic SARS-CoV-2.

2. Material and methods

2.1 Structural phylogenetic analysis of CoV gRNA
sequences

Complete gRNA sequences of CoVs were acquired from the nu-
cleotide database at the National Center for Biotechnology
Information (NCBI). Multiple sequence alignments for protein
and RNA were processed by Clustal Omega (Sievers et al. 2011)
provided by European Bioinformatics Institute (EMBL-EBI) web
server. RNA secondary structure was primarily predicted by web
server Mfold (Zuker 2003) and R-scape (RNA significant covrina-
tion above phylogenetic expectation) (Rivas et al. 2017, 2020;
Rivas 2020).

2.2 Pipeline for the identification of RSMs in alpha-,
beta-, delta-, and gamma-CoVs

To exploit RSMs in CoVs, we aligned 1,292, 28,775, 163, and 452
complete gRNA sequences of alpha-, beta-, delta-, and gamma-
CoVs, respectively, for the discovery of sequence insertions and
RSMs in 5’-UTRs and coding regions. Each discovered insertions
and their flanking regions were subjected to RNA secondary
structure predictions by Mfold web server (Zuker 2003). In paral-
lel, particular inter-domain sequences located in between two
highly conserved protein domains were also subjected to RNA
structure prediction. Predicted RNA structures were then manu-
ally refined according to structural co-variations found in
closely related strains/isolates/species of CoVs. All the refined
secondary structures were documented for the exploration of
RSMs and structural phylogenetic analysis.

2.3 Conservation of RSMs and the protein variations
concurrent with variant SL5b

To verify the conservation of RSMs in SARS-CoV, MERS-CoV,
and SARS-CoV-2, 340, 598, and 19,120 sequences corresponding
to SL5s located in 5-UTRs were aligned and statistically ana-
lyzed, respectively. To identify potential concurrent variations
between SARS-CoV-2 SLS and the coding sequences, 14,118
complete genomic sequences of SARS-CoV-2 were analyzed.
These gRNA sequences were clustered according to the varia-
tions of RSM located in SL5a-c. Each cluster was analyzed for re-
curring variations in the coding region that are concurrent with
the variant SL5b.

3. Results

3.1 Presence of repetitive structural RNA motifs in
gRNAs of CoV's

The existence of RSMs is a common feature in the four genera
of CoVs we have studied. However, the conserved sequences,
copy numbers, locations in the gRNA, etc., of these RSMs are di-
vergent among different lineages (Table 1). The consensus
secondary structures of RSM-encompassing elements are dem-
onstrated for each subgenus in genus Alpha-, Beta-, Gamma-,
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Table 1. RSM in CoVs.
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Genus Subgenus Species Hosts RSMs Copies Location in gRNA
(representative)
Alphacoronavirus Colacovirus Bat CoV CDPHE15 Bats gUUCCGUCc 2 5’-UTR
Decacovirus Bat CoV HKU10 Bats gUUCCGUCc 3 5’-UTR (SL5)
Duvinacovirus Human CoV 229E Humans gUUCCGUCc 3 5’-UTR (SL5)
Luchacovirus Lucheng Rn rat Rats gUUCCGUC 3-4 5’-UTR (SL5,
CoV SL5.1)
Minacovirus Mink CoV 1 Minks, ferrets gUUCCGUCc 3 5’-UTR (SL5)
Minunacovirus Miniopterus bat Bats gUUCCGUCc 3 5’-UTR (SL5)
CoV HKUS8
Myotacovirus Myotis ricketti Bats gUUCCGUCc 3 5’-UTR (SL5)
alphaCoV Sax-
2011
Nyctacovirus BtNv-AlphaCoV/ Bats gUUCCGUc 3 5’-UTR (SL5)
SC2013
Pedacovirus Porcine epidemic Bats, pigs gUUCCGUCc 3 5’-UTR (SL5)
diarrhea virus
Rhinacovirus Rhinolophus bat Bats gUUCCGUCc 3 5’-UTR (SL5)
CoV HKU2
Setracovirus Human CoV NL63 Bats, humans gUUCCGUCc 3 5’-UTR (SL5)
Tegacovirus Transmissible Pigs, dogs, cats gUUCCGUCc 3 5’-UTR (SL5)
gastroenteritis
virus
Betacoronavirus Embecovirus Murine hepatitis Mice, rats, bats, agc/guAAu 2-8 ORFlab(nsp15,
virus humans, deers, nsp3)
horses, camels,
rabbits, etc.
Hibecovirus Bat Hp-betaCoV Bats gUUUCGUCc 3 5’-UTR (SL5)
Zhejiang2013
Merbecovirus Middle East respi- Bats, camels, gUUUCGUC 2 5’-UTR (SL5)
ratory syn- humans
drome-related
CoV
Nobecovirus Rousettus bat Bats gUUUCGUCc 2-3 5’-UTR (SLS,
CoV HKU9 SL5.1)
Sarbecovirus Severe acute re- Bats, humans gUUUCGUCc 2 5’-UTR (SL5)
spiratory syn-
drome-related
CoV
Gammacoronavirus Cegacovirus Beluga whale CoV Whales, dophins uacUuUCGgug 2 ORFlab(nsp3)
SW1
Igacovirus Avian infectious Birds uGCUAa 2-3 ORFlab(nsp3)
bronchitis virus
Deltacoronavirus Andecovirus Wigeon CoV Birds uGGUa 3 ORFlab(nsp13/14)
HKU20
Buldecovirus Thrush CoV Birds aGUACu, ac/gAGUu 5,2 ORFlab(nsp13/
HKU12-600 14)’ 5’-UTR
Herdecovirus Night heron CoV Birds aGUACu 4 ORFlab(nsp13/14)
HKU19

The RSMs identified in gRNAs of CoVs in each subgenus are listed.

and Deltacoronavirus, respectively, with multiple sequence align-
ments of the corresponding regions that show the locations of
these elements in gRNA (Figs. 1-6).

3.2 The RSM-encompassing SL5s located in 5'-proximal
regions of alpha-CoV gRNAs

Structural elements consisting of RSMs were generally identi-
fied in the 5'-proximal sequences of all alpha-CoV gRNAs, which
were assigned as SL5 for being the fifth rigid structural element

identified in CoVs from the 5-end of gRNAs (Chen and
Olsthoorn 2010). Figure 1 shows the consensus secondary
structures of SL5s in Decacovirus, Luchacovirus, Minacovirus,
Myotacovirus, and Nyctacovirus. In general, these alpha-CoVs’
SL5s consist of a long basal stem at the bottom encompassing
the AUG start codon of ORFlab and apical tripartite hairpins
(assigned as SL5a, SL5b, and SL5c) that encompass conserved 5'-
gUUCGUc-3' RSMs. The presence of 5-gUUCGUc-3' RSMs in
SL5a-c is highly consistent in all alpha-CoVs, while co-varia-
tions are generally found supportive for base-pairing in the
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Figure 1. Secondary structures of RSM-encompassing SL5s in the 5'-proximal sequences of alpha-CoV gRNAs. Consensus secondary structures of alpha-CoV SL5s are shown, in
which the conserved 5'-gUUCCGUc-3' RSMs are boxed with solid lines. The start codons of ORFlab are boxed with dashed lines. Sequence variations between the representative
viruses and related species are indicated by arrows to show the variations. Nucleotide deletions are indicated with symbol ‘A’, while insertions are indicated by dashed-line
arrows. Numbering represent the positions of the indicated nts counting from the 5'-end of gRNAs. (A) Decacovirus: Rousettus bat CoV (RoBtCoV)-HKU10/175A (JQ989271.1);
“Hipposideros Pomona bat CoV (HiBtCoV)-HKU10/160942 (MN611523.1); PRoBtCoV-HKU10/183A (/Q989270.1); “HiBtCoV-HKU10/TLC1347A (JQ989273.1); 4HiBtCoV-HKU10/TLC1343A
(1Q989272.1); *HiBtCoV-HKU10/LSH5A(Q989269.1); ‘HiBtCoV-HKU10/TLC1310A (JQ98969.1). (B) Myotacovirus: BtMr-AlphaCoV/SAX2011 (KJ473806.1); *BtCoV Anlong-57 (KY770851.1).
(C) Minunacovirus: Miniopterus bat CoV (MiBtCoV)-1 (EU420138.1); “Bat CoV (BtCoV)-HKUS/AFCD77 (EU420139.1); ®Bat CoV (BtCoV)-1B/AFCD307 (EU420137.1). (D) Nyctacovirus:
AlphaCoV Bat-CoV/P kuhlii/Italy/3398-19/2015 (NC_046964.1); *AlphaCoV Bat-CoV/P kuhlii/Italy/206645-41/2011(MH938448.1); "BtNv-AlphaCoV/SC2013 (KJ473809.1). I Luchacovirus:
Lucheng Rn rat coronavirus (LRNV) Lucheng-19 (NC_032730.1); *Rodent coronavirus isolate RtRl-CoV/FJ2015 (KY370050.1); ®Alphacoronavirus_UKRn3 (MK163627.1); “Rodent CoV
(RtCoV)-RtMruf-CoV-1/JL2014 (KY370045.1); Coronavirus AcCoV-JC34 (KX964649.1). (F) Unclassified alphacoronaviruses; Wencheng Sm shrew CoV (WESV)-Xingguo74
(NC_048211.1); *WESV-Yudu76 (KY967723.1); PWESV-Ruian90 (KY967725.1); “WESV-Wencheng554 (KY967733.1).
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stems beneath which potentially stabilize the apical RSMs (Fig.
1). Suggested by recent NMR studies, the 5-UUCCGU-3' se-
quence may adopt a conformation similar to 5-UUCG-3’ tetra-
loop (Wacker et al. 2020; Schnieders et al. 2021).

An additional copy of RSM was found in Luchacovirus, which is
located in SL5.1 upstream to SL5 (Fig. 1E). Possession of such an
additional copy of RSM in SL5.1 could potentially make some of
these CoVs more tolerant to the imperfection of RSM present in
SL5b and c. In some unclassified alpha-CoVs listed in NCBI data-
base, homologous structural motifs could also be identified. For
instance, Figure 1F shows the secondary structure of SL5 for the
unclassified Wencheng Sm Shrew coronavirus (WESV), which
also consists of three copies of the 5'-gUUCCGUc-3' RSMs. Besides
the five subgenera shown in Fig. 1, the lineage-specific structural
feature of CoV SL5 in other subgenera, including Duvinacovirus,
Pedacovirus, Rhinacovirus, Setracovirus, and Tegacovirus, has been
proposed previously, which all encompass the alpha-CoV-specific
RSMs (Chen and Olsthoorn 2010). Collectively, these results sug-
gest that SL5 and its tripartite hairpins SL5a-c are universally pre-
sent in all species of Alphacoronavirus, encompassing conserved
5/-gUUCCGUc-3' RSMs.

3.3 The RSM-encompassing SL5s in beta-CoV gRNAs

In the 5'-proximal gRNA sequences of beta-CoVs, we have also
universally identified RNA elements similar to alpha-CoVs’ SL5s
(Fig. 2). However, the RSMs found in beta-CoVs are predominantly
5-gUUUCGUC’-3, unlike 5-gUUCCGUc-3 discovered in alpha-
CoVs. And the features of SL5s are more diverse in beta-CoVs than
in alpha-CoVs, in terms the size, the predicted secondary struc-
tures, and the copy numbers of RSMs (Fig. 2). Hibecovirus is the
only subgenus within the genus Betacoronavirus that possesses
complete three copies of RSMs in SL5 (Fig. 2A). Sarbecovirus spp.,
including the newly emerged SARS-CoV2, possess only two copies
of the beta-CoV-specific RSMs in SL5a and b, respectively, while
SL5c exhibits 5'-GAAA-3' tetra-loop (Fig. 2B). This general feature
is in agreement with what we have previously found in SARS-CoV
and others reported for SARS-CoV-2 (Chen and Olsthoorn 2010;
Miao et al. 2020; Rangan et al. 2020). Likewise, in Merbecovirus two
copies of RSMs are found situating apically in SL5a and b, respec-
tively, while the SL5c displays 5'-AAGGUGC-3" hepta-loop (Fig. 2C).
These findings suggest that two copies of RSMs could be sufficient
for virus propagation of Sarbecovirus spp. and Merbecovirus spp. On
the other hand, it is possible that the 5-GAAA-3' and 5-
AAGGUGC-3' sequences in SL5c mediate specific function(s) for
CoVs in Sarbecovirus and Merbecovirus, respectively, since these
two sequences are strictly conserved within the same subgenus.
In addition, these two SL5c loop sequences are closed with C-G
base-pair, unlike the conserved RSMs in SL5a-b that are closed
with G-C pairing. Besides the divergent features of SL5c, we have
noticed that in Merbecovirus the AUG start codon of ORFlab is lo-
cated at the stem region of SL5b, instead of at the upper part of
the basal stem of SLS like other beta-CoVs (Fig. 2C). Interestingly,
some species in Merbecovirus, e.g. BtVs-BetaCoVs and HpBtCoVs,
possess a downstream in-frame AUG in SL5 basal stem (Fig. 2C).
However, these CoVs still preserve the start codons in SL5b like all
the other Merbecovirus spp., showing no sequential evidence that
the downstream AUG could be used for translation initiation.

In Nobecovirus, there are only two copies of RSMs present in
SL5 (Fig. 2D). Interestingly, an additional RSM containing ele-
ment, SL5.1, is located upstream to SL5, similar to what we have
found in Luchacovirus spp in Alphacoronavirus. Possession of this
extra copy of RSM potentially explains how these CoVs evolved
with a missing SL5c and/or a 1-nt deletion in SL5b, which is an

S.-C.Chenetal. | 5

extremely rare occasion that cannot be found in other alpha- or
beta-CoVs having no additional RSMs in SL5.1. In Embecovirus,
SL5, which encompasses the AUG start codon of ORF1, is rela-
tively short compared with other beta-CoVs (Fig. 2E), missing
the tripartite SL5a-c that encompass RSMs. Alternatively, a
larger secondary structure, assigned as SL5* (Supplementary
Fig. S1), was predicted, if the long-range RNA-RNA interaction
between 5'UTR and NSP1 sequences is taken into consideration
(Guan et al. 2012; Yang et al. 2015). Nonetheless, the apical
regions of the tripartite SL5-7 in SL5* are divergent and do not
contain any forms of RSMs (Supplementary Fig. S1).

We conclude that all alpha- and beta-CoVs (Figs. 1 and 2), ex-
cept for Embecovirus spp. (Fig. 2E), possess 5'-gUUYCGUc-3' RSMs
in the apical regions of SL5a-c. Supplementary Fig. S2 shows the
alignments of SL5a-c corresponding sequences in reference
alpha- and beta-CoVs and the structural model predicted by
Cascade variation/covariation Constrained Folding (CaCoFold)
algorithm with significant co-varying pairs reported by R-scape
web server. As for CoVs in subgenus Embecovirus, a distinct type
of RSMs was exclusively found (see below).

3.4 The RSMs located in ORF1ab of gRNAs found in
Embecovirus

We successfully identified conserved RSM-encompassing ele-
ments in all recently discovered CoVs classified in subgenus
Embecovirus and some unclassified beta-CoVs, including Rabbit
CoV (RbCoV)-HKU14, Dromedary camel CoV (DcCoV)-HKU23,
Longquan Aa mouse CoV (LAMV), and Longquan Rl rat CoV
(LRLV), Rodent CoV (RtCoV), etc. (Lau et al. 2012; So et al. 2019;
Wang et al. 2015) (Fig. 3). These elements contain multiple copies
of RSMs made up of 5'-agc-3'/5'-guAAu-3 and 5'-uWWwec-3'/5'-gg-
3/, displaying four 2-nt bulges (predominantly AA) at the 3'-side
and another two (predominantly AU, AA, or UA) at the 5’ side, re-
spectively (Fig. 3A-C). The structural features of these elements
are highly similar to what we have reported for the PS of MHV
(Fig. 3D) (Chen et al. 2007b), of which the structural integrity is
crucial for selective genome packaging (Kuo and Masters 2013;
Athmer et al. 2018; Masters 2019). Sequence alignment of the cor-
responding regions further showed that all of these recently iden-
tified elements are located in NSP15 coding regions where the
MHYV PS is situated (Fig. 3H) (Xu et al. 2006; Chen et al. 2007b).
Thus, these RSM containing elements are structural homologues
that perfectly resemble the canonical PS of the type beta-CoV,
MHYV, displaying four and two copies of the 2-nt-bulge on the 3’
and 5’ sides, respectively, and the strictly conserved 5'-CACAA-3'
apical loop sequence (Fig. 3A-D). Interestingly, non-canonical PSs
were found in some CoVs recently discovered in rodents, which
are truncated and exhibit less copies of RSMs. Masters (2019) has
proposed that the PS in Equine CoV (EqCoV) strain NC99 has pre-
cise deletions of the central bulge and one of the RSM, yet the
conserved 5'-CACAA-3' apical loop sequence is still present (Fig.
3E). In the two recently isolated Rodent CoVs (RtCoVs), we have
found that their apical regions of PSs are partially truncated (Fig.
3F and G), preserving less copies of RSMs. Notably, these two
RtCoV PSs are the exceptional examples of PSs having non-5'-
CACAA-3' apical loop sequences. Figure 3H shows the alignment
of partial poly-protein lab sequences corresponding to the PSs.
Clearly, the sequence insertions corresponding to either canoni-
cal or non-canonical PSs are exclusively present in NSP15 coding
regions of Embecoviruses spp. but absent in all the other four sub-
genera (Fig. 3H).

In addition to the PSs described above, it has been suggested
that the Embecoviruses-specific RSMs, the 5'-agc-3'/5-guAAu-3'
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Figure 2. Secondary structures of RSM containing SLSs in the 5'-proximal sequences of beta-CoV gRNAs. Consensus secondary structures of beta-CoV SL5s are shown, in which the
conserved 5'-gUUUCGUc-3' RSMs are boxed with solid lines. Start codons of ORFlab are boxed with dashed lines, while the downstream in-frame AUG codons found in few
Merbecovirus spp. Are boxed with dot-lines. Sequence variations between the representative viruses and related species are indicated by arrows to show the variations. Nucleotide dele-
tions are indicated with symbol ‘A’, while insertions are indicated by dashed-line arrows. Numbering represent the positions of the indicated nts counting from the 5'-end of gRNAs.
(A) Hibecovirus: Bat Hp-betaCoV/Zhejiang2013 (NC_025217.1). (B) Sarbecovirus: SARS CoV-2/Wuhan-Hu-1 (NC_045512.2); ®SARS-CoV/Tor2 (NC_004718.3); ®SARS CoV-2/human/USA/
Oklahoma-ADDL-1/2020 (MT998442.1). (C) Merbecovirus: MERS-CoV/EMC/2012 (NC_019843.3); °BtVs-BetaCoV/SC2013 (KJ473821.1); PHypsugo bat CoV (HpBtCoV)-HKU25/NL140462
(KX442565.1); “BtPa-BetaCoV/GD2013 (KJ473820.1); “Erinaceus hedgehog CoV (EaHedCoV)-HKU31/Rs13 (MK907287.1); °BetaCoV-Erinaceus/2012-174/GER/2012 (NC_039207.1).
(D)Nobecovirus: Rousettus bat CoV (RoBtCoV)-HKU9 (NC_009021.1); *BtCoV-HKU9-1 (EF065515.1); PBtCoV-HKU9-10-1 (HM211100.1); “BtCoV-HKU9-5-1 (HM211098.1); 9RoBtCoV-GCCDCY/
365 (NC-030886.1); °BtRt-BetaCoV/GX2018 (MK211379.1). (E) Embecovirus: Mouse hepatitis virus (MHV)-A59 (NC_048217.1); “RatCoV-Parker (NC_012936.1); BetaCoV-HKU24/R050051
(NC_017083.1); “Human CoV (HuCoV)-HKU1 (NC 006577.2); “HuCoV-OCA3/ATCC-VR759 (NC_006213.1); ®Bovine CoV (BCoV)-ENT (NC_003045.1); Rabbit CoV (RbCoV)-HKU14
(NC_017083.1). (F)MHV-A59 (NC_048217.1); *HuCoV-HKU1 (NC_006577.2); “BCoV-2014-13 (KX982264.1); “Dromedary camel CoV (DcCoV)-HKU23; 4HuCoV-OC43-ATCG/VR759

Embecovirus
MHV-A59

(NC_006213.1); *EqCoV-NC99 (EF446615.1); RbCoV-HKU14 (NC_017083.1); SMHV-3 (FJ647224.1); BBetaCoV-HKU24-R050051 (NC_026011.1).
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Figure 3. Secondary structures of RSM-encompassing PS located in NSP15 coding region in gRNAs of Embecovirus spp. Consensus secondary structures of the RNA ele-
ments identified in NSP15 coding sequences of several newly discovered beta-CoVs are shown. The conserved 5'-agc-3'/5'-guAAu-3' and 5'-uWWc-3'/5'-gg-3' RSMs are
boxed with solid and dashed lines, respectively, each displaying a 2-nt bulge at the 3’ or the 5'-side of the element. Sequence variations between the representative vi-
ruses and related species are indicated by arrows to show the variations. Nucleotide deletions are indicated with symbol ‘A’, while insertions are indicated by dashed-
line arrows. Numbering represent the positions of indicated nts counting from the 5'-end of gRNAs. (A) Longquan Rl rat coronavirus (LRLV)-Longquan-370 (KF294371.1);
2LRLV/Longquan-708 (KF294372.1); LRLV/Longquan-189 (KF294370); “Longquan Aa mouse coronavirus (LAMV)-Longquan-343 (KF294357.1). (B) Dromedary camel CoV
(DcCoV)-HKU23-Ry123; *RbCoV-HKU14-1 (JN874559.1); PBetaCoV-HKU24/R050101 (KM349744.1); °CoV-HKU23/NV1097(MN514966.1); 4DcCoV-HKU23/NV1385
(MN514967.1). (C) RtCoV-RtMrufCoV-2/JL201(NC_046954); *RtCoV-RtApCoV/Tibet2014 (KY370047); PRtCoV-RtNnCoV/SAX2015 (KY370049); RtCoV-RtRnCoV/YN2013
(KY370043), 4RtCoV-RtMmCoV/GD2015 (KY370048), *RtCoV-RtBiCoV/FJ2015 (KY370051). (D) Packaging Signal of MHV-A59. (E) Equine CoV/NC99 (EF446615.1). (F) RtCoV-
RtMmCoV-1/IM2014 (KY370052.1). (G) RtCoV-RtAsCoV/IM2014 (KY370044.1). (H) Multiple sequence alignment for partial sequences of poly-protein 1ab is shown to dem-
onstrate the sequence insertions corresponding to the RSM-encompassing PS in NSP15 coding region. The corresponding regions of PSs in NSP15 are boxed.

units, are present elsewhere in one and three isolates of EQCoVs
and RbCoVs, exhibiting one and three additional copies of the
AA-bulges, respectively (Masters 2019). In fact, by our thorough
survey more RSMs can be found in all these RbCoVs and
EqCoVs. Figure 4 shows the RNA secondary structures of partic-
ular regions of Embecoviruses spp. gRNAs, which is located in be-
tween nucleic-acid binding (NAB) and beta-CoV-specific (BSM)
domains of NSP3 coding region. In RaCoV HKU14-1 and related

species, we found four copies of RSMs at the 5'-side and two at
the 3'-side (Fig. 4A). Such structural feature is highly similar to
the canonical MHV PS, that is, a two-fold quasi-symmetry stem-
bulge element (Fig. 3A-D). However, the upper and the lower
halves of the MHV PSs are separated by ~6 mismach internal
loops, but in these newly identified PS-like elements, there are
~30 Watson-Crick (WC) and non-WC base pairs in between the
upper and the lower halves in RbCoVs (Fig. 4A) and EqCoVs (Fig.
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Figure 4. Secondary structures of PS-like elements located in between NAB and fSM domains of NSP3 coding regions in gRNAs of Embecovirus spp. Secondary structures
of the PS-like elements identified in NSP3 coding sequences are shown. The conserved 5'-agc-3'/5'-guAAu-3’ and 5'-uWWc-3'/5'-gg-3' RSMs are boxed with solid and
dashed lines, respectively, each displaying a 2-nt bulge at the 3’ or the 5'-side of the element. Sequence variations between the representative viruses and related
species are indicated by arrows to show the variations. Nucleotide deletions are indicated with symbol ‘A’, while insertions are indicated by dashed-line
arrows. Numbering represent the positions of indicated nts counting from the 5-end of gRNAs. (A) RbCoV-HKU14-1 (JN874559.1); *RbCoV-HKU14-3 (JN874560.1);
PRbCoV-HKU14-8 (JN874561.1). (B) EQCoV-NGC99 (EF446615.1). (C) EqCoV-Tokachi09 (LC061272.1); *EqCoV-Obihiro12-1 (LC061273.1); PEqCoV-Obihiro12-2 (LC061274.1). (D)
RbCoV-HKU14-10 (IN874562.1). (E) MHV-A59 (NC_048217); MHV-3 (FJ647224.1). (F) HuCoV-HKU1/genotype A(NC_006577.2); *HuCoV-CHKU1/N091605B (KY674943.1);
PHuCoV-HKU1/genotype B/N08-87 (KY674921.1). (G) BetaCoV-HKU24/R050101 (KM349742.1); °LAMV-Longquan-343 (KF294357.1); PRtCoV-RtApCoV/Tibet2014
(KY370047.1). (H) LRLV-370 (KF294371.1); LRLV-708 (KF294372.1); "LRLV-189 (KF294370.1); “RtBiCoV/FJ2015 (KY370051.1); ‘RtRnCoV/YN2013 (KY370043.1); *RtMmCoV/
GD2015 (KY370048.1). (I) HuCoV-0OC43 (NC_006213.1); *HuCoV-0C43/Seattle/USA/SC2476/2015 (KY967360.1); PHuCoV-0C43/HZ-459 (MG197723.1); “HuCoV-0C43/human/
USA/9211-43/1992 (KF530097.1). (J) Multiple sequence alignment of partial poly-protein 1ab at the inter-domain region between NAB and fSM domains of NSP3. The cor-
responding regions of RSM-encompassing PS-like elements in NSP3 coding sequence are boxed.

4B). We further found that the apical region of the elements also present in MHV and related species (Fig. 4]), which all fold

seemed to be deleted in EqCoV-Tokachi09, -Obihiro12-1, and - into long stem-bulge elements with multiple non-WC base
obihiro12-2, resulting in truncated elements encompassing pairs, mismatches, and unpaired As (Supplementary Fig. S3).
fewer RSMs at the basal stems (Fig. 4C). In RbCoV-HKU14-10, the However, none of these elements contain the canonical 2-nt-
majority of the element was deleted, preserving only one RSM bulge-displaying RSMs. This finding indicates that the inserted
in the basal stem (Fig. 4D). In other Embecovirus spp., sequence sequences there do not necessarily form any conserved struc-
insertions at this particular region are divergent in length, yet tural motifs, implying that such insertions can be an early event

no potential RSMs were identified (Fig. 4E-I). Besides RbCoVs during evolution of Embecovirus spp.
and EqCoVs, sequence insertions at this particular region are
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Notably, in some recently discovered beta-CoVs isolated
from rodents (Wang et al. 2015), including RtApCoVs, BetaCoV-
HKU24, and LAMVs, another PS-like element was identified in a
distinct location of Nsp3 coding region (Supplementary Fig. S4).
This element very much resembles the structural feature of the
canonical PS of MHV, particularly the upper part, exhibiting
two and one 2-nt bulges at the 3’- and 5'-side, respectively
(Supplementary Fig. S4A). Sequence alignment showed that this
element is present in the inter-domain region of acidic hyper-
variable region (HVR) and papain-like protease 1 (PL1P™)
domains (Supplementary Fig. S4B).

To sum up, possession of RNA elements encompassing the
2-nt-bulge-displaying RSMs is an exclusive hallmark of beta-
CoVs in Embecovirus (Fig. 3). Such elements are consistently lo-
cated in Nsp15 coding region corresponding to MHV PS. In some
Embecovirus spp., additional RSM-encompassing elements are
found located in the inter-domain regions of NSP3 NAB/BSM
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and/or HVR/PL1P™ domains (Fig. 4 and Supplementary Fig. S4),
exhibiting structural homology to PS.

3.5 The two distinct RSMs found in gamma-CoVs

The genus Gammacoronavirus consists of two subgenera, namely
Cegacovirus and Igacovirus. Species in the former have been
found in whales and dolphins, while the latter are mostly asso-
ciated with birds. The RSMs found in Cegacovirus spp, for exam-
ple, Beluga whale CoV (BWCoV)-SW1 and Bottlenose dolphin
CoV (BDCoV)-HKU?22, are the 5'-uacUUCGgug-3' apical structural
motifs with 5-CAGG-3'/5'-AA-3' internal loops (Fig. 5A). In sub-
genus Igacovirus, the 5-uGCUAa-3' RSMs were predominantly
identified in most species (Fig. 5B), except in the recently discov-
ered Canada goose (CG)-CoV, which has been reported to be di-
vergent from other avian CoVs identified previously (Papineau
et al. 2019). Multiple sequence alignment shows that the RSMs
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Figure 5. Conserved RSMs in gamma-CoVs. Secondary structures of the conserved RSMs found in gamma-CoVs are shown. (A) Cegacovirus: Beluga Whale CoV
(BWCoV)-SW1 (NS_010646.1); “BDCoV-HKU22/CF090331 (KF793826.1); PBDCoOV/37112-4 (MN690611.1). The apical 5'-acUUCGgu-3' RSMs are boxed with solid lines, while
the internal bulges 5'-CAGG-3'/5'-AA-3' are boxed with dashed-lines. (B) Igacovirus: Avian infectious bronchitis virus (IBV)-Beaudette/CK (AJ311317.1); *IBV-Peafowl/GD/
Q6/2003 (AY641576.1); >TuCoV-MG10 (EU095850.1); “Duck CoV (DuCoV)-DK/CH/HN/ZZ2004 (JF705860.1); 94IBV-CK/Poland/G103/2016 (MK581207.1). The 5'-uGCUAa-3'
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ing regions of RNA structures comprised of conserved RSMs present in Cegacovirus and Igacovirus are boxed with solid and doted lines, respectively.
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specific to Cegacovirus and Igacovirus are located at two distinct
positions in Nsp3 coding region, respectively (Fig. 5C). The RSMs
found in Cegacovirus spp., such as BWCoV-SW1, are located in
the inter-domain region between Marcro (Mac1) and Viral prote-
ase 2 (PL2P*°) domains, while RSMs of Igacovirus spp., including
Avian infectious bronchitis viruses (IBVs), Turkey CoVs
(TuCoVs), Duck CoVs (DuCoVs), etc., are found in between PL2P™
domain and Trans-membrane (TM)-1 region (Fig. 5C). These
findings demonstrate how structural RNA elements evolve in
CoV gRNAs without disrupting functional protein domains by
situating at inter-domain regions. Interestingly, upstream to
the RSMs described above an inserted sequence with five tan-
dem repeats was discovered in between HVR and Macl domains
in some Igacovirus spp., including Avian CoVs (ACoVs) and Duck
CoVs (DuCoVs), in which five hairpins displaying 5'-CAAA-3'
tetra-loops can be formed (Supplementary Fig. S5A). These addi-
tional RSMs may serve specific functions, if any, in these CoVs.
Another possibility is that these repeats were conserved at
the protein level, since the corresponding sequence encodes
identical PQK-containing peptides (Supplementary Fig. S5C).
However, we have noticed that no wobble mutations were
found in these repeats, while the highly conserved upstream
PQK tri-peptide are encoded by different codons forming no par-
ticular RNA structures (Supplementary Fig. S5B). Thus, it is
likely that this inserted sequence underwent a selection driven
by conservation of RNA structure. Nonetheless, more phyloge-
netic and experimental evidence is needed to prove this as-
sumption. It is also worthwhile to note that in Human CoV
(HCoV)-HKU1, an alpha-CoV, various lengths (60-480 nts) of
NDDEDVVTGD tandem repeats were found upstream to its
PL1P™ domain of Nsp3 (Woo et al. 2006), though no significant
RNA structures could be identified by our approach.
Nevertheless, acquisitions of additional sequence potentially
increase the sequence space of CoVs for developing fitness, un-
der the constraint of either protein sequences or RNA structures
(Holmes 2003; Moreno et al. 2014; Wang et al. 2018). To sum up,
we have identified particular RSM-encompassing elements in
gamma-CoVs, which are located in between the coding sequen-
ces of Mac1, PL2P™, and TM1 domains of NSP3.

3.6 Conserved RSMs identified in ORF1ab and/or 5UTRs
of delta-CoV gRNAs

Deltacoronavirus is a genus recently defined in the subfamily
Orthocoronavirinae, which consists of subgenera Buldecovirus,
Andecovirus, and Herdecovirus. In Buldecovirus, four recently identi-
fied CoVs, Thrush CoV (ThCoV)-HKU12, Munia CoV (MunCoV)-
HKU13, Bulbul CoV (BuCoV)-HKU11, and Magpie-robin CoV
(MR)-HKU18 (Woo et al. 2012a), have sequence insertions in
their 5'UTRs, encompassing the 5-ac-3'/5'-gAGUu-3' RSMs
(Supplementary Fig. S6). Besides in the 5-UTR, we have also
found particular sequence insertions in ORFlab that harbour
distinct RSMs (Fig. 6). In Wigeon CoV (WigCoV)-HKU20, the sole
species in subgenus Andecovirus, we have found three copies of
5'-uGGUa-3' RSMs (Fig. 6A). In Night-heron CoV (NHCoV)-HKU19,
a species in Herdecovirus, four RSMs displaying 5-GUAC-
3'sequences were found, in which three were located in the apical
loops of structured hairpins (Fig. 6B). In the recently discovered
Buldecovirus spp., Thrush CoV (ThCoV)-HKU12, Common-moor-
hen CoV (CMCoV)-HKU21, White-eye CoV (WECoV)-HKU16,
Falcon CoV (FaCoV)-HKU27, and Pigeon CoV (PiCoV)-HKU29 (Woo
et al. 2012a; Lau et al. 2018), five RSMs encompassing 5'-GUAC-3'
sequences were found, in which two can have alternative confor-
mations (Fig. 6C). Multiple sequence alignment revealed that the

corresponding region of these RSMs was located in between the
putative helicase (Hel) NSP13 and exoribonuclease (ExoN) NSP14
(Fig. 6D) (Woo et al. 2012a). At this particular inter-domain region,
a homologous RNA element has been reported to act as potential
PS in Bulbul CoV (BuCoV)-HKU11 (Masters 2019). Interestingly,
four other Buldecovirs spp., including Munia CoV (MunCoV)-
HKU13, Magpie-robin CoV (MR) CoV-HKU18, Porcine CoV
(PorCoV)-HKU15, and Sparrow CoV (SpCoV)-HKU17, contain no
such sequence insertion at this Nsp13/14 junction (Fig. €D).
Instead, the former two are possessors of the 5-proxinal RSMs
(Supplementary Fig. S6), while in the latter two we were unable to
identify particular RSMs. To sum up, these newly identified RNA
elements in delta-CoVs suggest that the existence of RSMs in
gRNAs is not limited to alpha-, beta-, and gamma-CoVs but a
common feature in all CoVs.

3.7 Conservation and variation of the RSMs in SARS-
CoV-2 SL5

Since the pandemic of SARS-CoV-2 in early 2020, thousands of
gRNA samples have been sequenced, allowing us to deeply study
the conservation and variation of the RSMs located in SL5 of
SARS-CoV-2. Sequences of the apical motifs of SL5a, b, and c were
extracted from 19,120 complete genomes of SARS-CoV-2 for
alignments, which were acquired from NCBI database in
September 2020. For comparison, 340 SARS-CoV and 598 MERS-
CoV gRNA sequences were also analyzed. Figure 7 shows the par-
tial secondary structure of SL5a-c, which is highly conserved
within each lineage. In SARS-CoVs, 327 out of 340 isolates share
identical sequences which are shown in Fig. 7A. The apical parts
of SL5a-c are highly conserved among all the SARS-CoVs, though
four U-to-C variations were found at the third position of the loop
sequence of SL5a and b while three A-to-C variations were found
in SL5c (Fig. 7A). The U-to-C variations in the apical loops make
these SARS-CoV SL5a-b contain alpha-CoV-specific 5'-UUCCGU-3'
loop sequences instead of sequences specific to beta-CVs. In
MERS-CoVs, the apical regions of SL5a-c are also highly con-
served, showing 588 identical sequences out of 598 isolates (Fig.
7B). Four U-to-C variations were found at the third position of the
loop sequences of SL5a and b, while the 5'-AAGAUGC-3' loop se-
quence of SL5c is absolutely conserved in all the MERS-CoV gRNA
sequences. Figure 7C shows partial SL5a-c secondary structure of
the reference SARS-CoV-2 (isolate Wuhan-Hu-1, NC_045512.2),
exhibiting the canonical beta-CoV specific 5'-UUUCGU-3 hexa-
loop in both SL5a and b, and the sarbecovirus-specific 5'-GAAA-3'
tetra-loop in SL5c, respectively. Few positions on the loops of
SL5a-c were found having mutations. In particular, the fourth po-
sition of SL5b loop exhibits C-to-U variation (C241U) in 15,891 out
of 19,120 isolates (Fig. 7C). We further analyzed how these variant
and canonical loop sequences were distributed in SL5a-c of SARS-
CoV, MERS-CoV, and SARS-CoV2, respectively. Supplementary
Table S1 listed that in SARS-CoV and MERS-CoV both SL5a and b
predominantly contains the canonical 5-UUUCGU-3 loop
sequences, while in SARS-CoV-2 the majority possesses 5'-
UUUCGU-3" and 5-UUUUGU-3' in SL5a and SL5b, respectively.
This suggests that the variant RSM in SL5b has been adapted dur-
ing the transmission worldwide (Kannan et al. 2020; Wang et al.
2020b; Yang et al. 2020).

3.8 Variations in the viral protein coding regions
concurrent with variant SL5b in SARS-CoV-2

To study if any protein variations were concurrent with the var-
iant SL5b, we refined the dataset of SARS-CoV-2 sequences to a
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Figure 6. Conserved RSMs in delta-CoVs. Secondary structures of the RNA elements encompassing conserved RSMs (boxed with solid lines) found in the inter-domain
region between Nspl3 and Nspl4 are shown. (A) Andecovirus: Wigeon CoV (WigCoV)-HKU20 (JQ065048.1). (B) Herdecovirus: Night-heron CoV (NHCoV)-HKU19
(JQ065047.1). (C) Buldecovirus: Thruch CoV (ThCoV)-HKU12-600 (FJ376621.1); *Common-moorhen CoV (CMCoV)-HKU21-8295 (JQ065049.1); *"White-eye CoV (WECoV)-
HKU16-6847 (JQ065044.1); “Bulbul CoV (BuCoV)-HKU11-796 (FJ376620.1); “Falcon CoV (FaCoV)-HKU27 (LC364342.1); *Pigeon CoV (PiCoV)-HKU29 (LC364344.1). Alternative
structures are indicated with dash-line arrows. (D) Multiple sequence alignment of partial poly-protein 1ab at the inter-domain region between NSP13 and NSP14.
Sequences corresponding to the RSM-encompassing elements were boxed with solid lines. The putative Nsp13/14 cleavage site is indicated by ‘A’.

set of 14,118 complete gRNA sequences. According to the
presence of either the canonical or variant loop sequences in
SL5a-b, SARS-CoV-2 can be grouped into eight clusters (Table 2
and Supplementary Table S2-S4), in which cluster A (both SL5a
and SL5b contains canonical 5-UUUCGU-3'sequences) and B
(SL5b contains 5-UUUUGU-3’ variant sequence) overwhelm-
ingly account for a large proportion. Table 2 lists the variations
located in the coding regions that differ from cluster A and B. In
cluster A, A1163, U7540, G16647, G22992, and G23401 are 100%
conserved, while in cluster B these positions are much more
variable (Table 2). The opposite situation is found at positions
A17858, G26144, and C28863, which are perfectly conserved in
cluster B but variable in cluster A. These findings suggest that
mutations in cluster A and B have followed different evolution-
ary paths to a certain extent. Among the variations listed in
Table 2, synonymous mutations at distinct positions, e.g.
C3037U, C8782U, G16647U, C18060U, G23401A, and U28144C, are
found differentially occurred in the two clusters. It has been
reported that evolutionary constraints imposed by RNA second-
ary structure can result in accumulating synonymous muta-
tions (Holmes 2003), and several recent reports have proposed

that various RNA structures are present in the coding region of
SARS-CoV-2 (Huston et al. 2020; Rangan et al. 2020; Simmonds
2020; Wacker et al. 2020; Ziv et al. 2020). However, how these
synonymous mutations potentially affect those RNA structures
in a SL5-related manner needs to be elucidated in the future.
Several non-synonymous variations are found differential
between cluster A and B, for example, C14408U, A23403G, and
G28881A-G28882A-G28883C resulting in Nsp12 P323L, S protein
D614G, and N protein R203K-G204R, were found differ, respec-
tively (Table 2). Over 99 per cent of SARS-CoVs in cluster A have
Pro at the 323 position of Nsp12, while in cluster B over 99 per
cent prefer Leu at position 323 (Table 2). Interestingly, in Nsp12
such a variation is located at one of its NSP8 interacting sites,
while NSP8, besides NSP7, is a crucial co-factor to form the
RNA-dependent RNA polymerase (RdRp) complex with NSP12
(Kirchdoerfer and Ward 2019; Gao et al. 2020; Lu et al. 2020a;
Wang et al. 2020a). A potential correlation between variant SL5b
and polymerase complex warrants further research. Likewise,
the D614G variation in S proteins is highly constraint in cluster
B, which has been recently suggested to increase infectivity of
SARS-CoV-2 (Kannan et al. 2020; Korber et al. 2020). However, no
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Figure 7. Variation hot-spots for the apical regions of SL5a-c in SARS-CoV,
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evidence of a direct association between S proteins and 5'-UTR
of CoV gRNAs has been reported so far. Thus, why variant SL5b
is highly concurrent with S-protein D614G mutations and
whether such concurrency contributes to the infectivity should
be studied further in the future. The concurrent changes found
in N protein are particularly interesting, though its concurrency
is less significant compared with those in S and Nsp12, since
that N protein is highly conserved and well-known for its RNA
binding affinity (McBride et al. 2014; Hurst et al. 2009; Masters
2019). Curiously, deletion of the RGTSPA sequence in N protein
is exclusively found in Cluster B (Table 2), and the R203K-G204R

variations are highly constrained in Cluster B (Table 2) and E
(Supplementary Table S3). These findings suggest that the C to
U variation in SL5b is correlated to these N protein variations.
The R203K-G204R variations are located in the Ser/Arg (S/R)-rich
region in N protein, which is part of the disordered central
linker region (CLR) in between the N-terminal RNA binding do-
main and the C-terminal dimerization domain (Chen et al.
2007a; Surjit and Lal 2009; Peng et al. 2020). Not until recently,
the functional importance of the SR-rich region and non-struc-
tured CLR for CoV genome packaging has been proposed (Tylor
et al. 2009; Carlson et al. 2020a; Cascarina and Ross 2020; Lu et
al. 2020b; Nikolakaki and Giannakouros 2020; Perdikari et al.
2020; Savastano et al. 2020; Ye et al. 2020), yet the correlation be-
tween SL5 and the S/R-rich region of N proteins remains to be
determined experimentally. To sum up, identification of varia-
tions in the viral protein coding sequences that differentially
concur with variant RSMs provide fresh perspective on the func-
tional relevance and the potential interplay between SL5 and vi-
ral proteins in SARS-CoV-2.

4, Discussion

4.1 Coronavirus RSMs are generally located in the
5'-UTRs and/or the inter-domain regions of ORFlab

RNA viruses have a potentially large sequence space for the
evolution of new variants due to the high mutation rate in repli-
cation process of gRNA (Holmes 2003). Conservation of func-
tional proteins/domains is one of the major constraints for RNA
viruses sequence space during evolution, while another con-
straint, yet inadequately studied, is RNA structure (Holmes
2003; Wang et al. 2018). In the exploration of CoV RSMs, we have
seen how these two constraints apply to the evolution of CoVs.
The RSM corresponding sequences that we have previously
identified in SARS-CoV and MHV were found to be ancillary
sequences that do not alter overall folding of SL5 basal stem
and endonuclease NSP15, respectively (Xu et al. 2006; Chen and
Olsthoorn 2010; Deng and Baker 2018). In alpha-, beta-, and
some delta-CoVs, RSM-encompassing RNA elements were iden-
tified with apparent sequence insertions that the exact RSM-
corresponding sequence is flanked by highly conserved regions
(Figs. 1-3 and 6). Other RSM corresponding region that do not
exhibit clear borders in primary sequence were otherwise iden-
tified through general predictions of RNA secondary structures
(Fig. 5 and Supplementary Fig. S5). Remarkably, all of these
RSMs are found present in 5-UTRs and/or in the inter-domain
regions of ORFlab. These findings support the assumption that
sequences strictly obey the conservation of RNA structure
should preferentially be located in the inter-domain regions to
minimize their alterations to the integrity of functional
domains in a (poly-)protein. On the other hand, inter-domain
RNA structures have been suggested to modulate ribosome
elongation and promote protein folding (Watts et al. 2009; Faure
et al. 2016, 2017). Such modulation effect could be another factor
making highly structured RSMs to be preferentially located in
domain junctions, regardless of their specific cis-acting
functions.

4.2 Are PS-like elements located in NSP3 coding region
the origin of canonical PS in Embecovirus spp.?

NSP3 is the largest and relatively variable protein encoded by
CoV genomes (Neuman et al. 2008; Serrano et al. 2009; Neuman
et al. 2014; Neuman, 2016; Lei et al. 2018), suggesting that the
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sequence space is less constraint for the evolution of RNA 3D
motifs in this region (Wang et al. 2018). In CoVs, there were
about fifteen domains reported in NSP3 of Embecovirus spp.,
speculating that more inter-domain regions could harbor func-
tional RNA elements (Woo et al. 2006; Woo et al. 2009; Lei et al.
2018). On the other hand, (repetitive) sequence insertions are
usually found in the NSP3 coding region, particularly adjacent
to the HVR domain. Besides the canonical PS found in NSP15
coding region, we have identified homologous PS-like elements
in two inter-domain regions of NSP3 (Fig.4 and Supplementary
Fig. S4). It has been suggested that the highly conserved canoni-
cal PS in Embecovirus spp. is a late acquisition during the evolu-
tion of the CoV family, since sequences corresponding to PS are
apparently insertions and completely absent in other beta-CoVs
(Joseph et al. 2007; Zhang et al. 2018; Masters 2019). However,
how the canonical PS was acquired remains unsolved.
Interestingly, the structural features of the PS-like element in
NSP3 coding region very much meet the evolutionary criterion
for RNA 3D structures, including the free energy-driven forma-
tion of WC-pairing helices/stems and the molecular interaction-
driven formation of non-WC-pairing recurrent motifs (Fig. 4 and
Supplementary Figs. S4 and 5) (Wang et al. 2018). Presumably,
the PS could have evolved at the inter-domains of NSP3 coding
region, followed by genome recombination to the canonical lo-
cation in NSP15. Once the PS had been preserved in NSP15 cod-
ing region, the PS-like elements in NSP3 could potentially
degenerate due to functional redundancy. This may explain
why the structural diversity of the PS-like elements in NSP3 is
high but the canonical PS in NSP15 coding region is much more
conserved.

4.3 The functions of RSM-encompassing elements in
CoV gRNAs

The RSM-encompassing elements identified in this study ex-
hibit the hallmark of encapsidation signals which mediate se-
lective packaging of ssRNAs with multiple capsid-protein
binding sites in many RNA viruses (Knaus and Nassal 1993;
Kramvis and Kew 1998; Flodell et al. 2002; Kim et al. 2011;
Dykeman et al. 2013; Stockley et al. 2013; Rolfsson et al. 2016;
Shi and Suzuki 2018; Comas-Garcia 2019; Rein 2019; Ding et al.
2020). In CoVs, the most studied RSM-containing element is the
PS of MHV, of which the structural integrity has been shown
crucial to be recognized by N, M, or N-M protein complex and di-
rect selective packaging of gRNA (Narayanan et al. 2003; Chen et
al. 2007b; Chang et al. 2009; Narayanan and Makino 2001; Kuo
and Masters 2013; Kuo et al. 2014; Kuo et al. 2016; Masters 2019).
It is possible that other RSM-encompassing elements play a
similar role, although the structures of these elements may be
divergent in different (sub)genera. For instance, the first 598
nucleotides (nt) from the 5’ end of transmissible gastroenteritis
virus gRNAs were reported to be essential for selective packag-
ing (Escors et al. 2003; Morales et al. 2013). Recently, two inde-
pendent studies also showed that the first 400 and 1000-nt
5'-proximal sequences of SARS-CoV-2 gRNA selectively promote
liquid-liquid phase separation (LLPS) of N proteins (Carlson et
al. 2020b; Iserman et al. 2020). And since the very 5 leader
regions upstream to transcriptional regulatory sequence (TRS),
which are present also in all sub-genomic (sg)RNAs, unlikely
contributes to the selectivity of genome packaging, these
reports suggested that the PSs locate in the region between the
first 75 to 400-nt gRNAs in these CoVs, where the structured SL4
and 5 are situated (Morales et al. 2013; Chen and Olsthoorn
2010; Iserman et al. 2020; Miao et al. 2020; Rangan et al. 2020).

Based on in vitro ribonucleoprotein networks analyzed by muta-
tional profiling (RNP-MaP) (Weidmann et al. 2020), Iseman et al.
have suggested that N proteins primarily interact with terminal
non-structured regions of gRNA, such as the 5-proximal un-
structured regions flanked by SL4/5 and the 3’-proximal N pro-
tein-coding sequences, respectively, promoting LLPS (Iserman
et al. 2020). If this also applies in vivo, the formation of SL5 may
help the unstructured regions to be oriented for direct N protein
interactions, while the RSMs located in tripartite SL5a-c could
also play a role in selective genome packaging of alpha- and
beta-CoVs by direct or indirect interactions with N, M, or N/M
complexes (Masters 2019). The only exceptional beta-CoVs are
embecovirus spp., in which the tripartite SL5a-c are absent (Fig.
2E) but exclusively possess the PS in NSP15 coding region (Fig.
3). On the other hand, all the CoV species investigated in this
study have been found to possess predominantly only one type
of RSM, supporting that all these RSMs may be functionally
equivalent to a certain extent. And notably, all the RSMs were
exclusively found in either 5'-UTR or ORFlab but not the regions
encompassing sub-gRNAs. This nature of RSMs is in agreement
with the selectiveness of full-length gRNA packaging. Anyhow,
to verify that if the 5'-proximal SLS5, and other RSM containing
elements, plays a general role in gRNA packaging, viruses with
reverse-genetically engineered mutations in these RSMs should
be further studied.

Besides genome packaging, RSM containing elements may
also mediate other functions, directly or indirectly. For instance,
some characteristic features of the SL5 present in alpha- and
beta-CoVs have potentially correlated the RSMs to translation
regulation, including that the SLS is generally located down-
stream to the uORF and the AUG start codon of ORF1lab is pre-
dominately locates at the 3'-side of the basal stem (Fig. 1 and 2).
These conserved features preferentially support the assignment
for SL5 of Embecovirus spp. to be what is shown in Fig. 2E but not
the SL5* which encompasses relatively large portion of Nsp1l
coding sequence (Supplementary Fig. S1). The rigid secondary
structure of SL5 makes the tripartite SL5a-c to precisely locate
in between the uORF and the translation initiation site in a spe-
cific 3D orientation. Direct or indirect interactions between
these RSMs and their protein binders, if any, may moderate the
translation as well as replication processes. For instance, it has
been proposed that N proteins facilitate interactions between
5’- and 3'-ends of CoV genomes, leading circularization of the
gRNA for the recruitment of viral replicase and cellular proteins
(Lo et al. 2019). On the other hand, PS can possibly associated
with NSP3 by N protein-NSP3 interaction (Hurst et al. 2009),
playing a role in the regulation of replication and translation.
Recently, the cis-acting SL1 in 5'-UTR of SARS-CoV-2 gRNA has
been found responsible for the evasion of NSP1-mediated trans-
lation inhibition (Schubert et al. 2020; Shi et al. 2020; Thoms et
al. 2020; Tidu et al. 2020). These discoveries highlight the impor-
tance of 5-UTR in translational regulation, although the 5'-
proximal RSMs may not necessarily directly participate in all of
these regulations.

4.4 Structural phylogenetics of RSMs in CoVs

In this study, we have shown that a variety of RSMs is present
in all CoVs in a lineage-specific manner. In another word, the
structural features of RSM-containing elements predict the line-
age of CoVs. These elements are generally located in the
5-UTRs and/or in the inter-domain regions of ORFlab.
Presumably, RSM-containing elements could be functionally
equivalent to each other mediating selective gRNA packaging
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and/or other conserved vital processes in CoVs’ life cycle. We
emphasize that the impact of RNA elements to CoV evolution
and transmission should be more adequately studied in the fu-
ture. Particularly, to understand functional relevance of the 5'-
proximal SL5 is of great importance, since the highly pathogenic
human CoVs, including SARS-CoV, MERS-CoV, and SARS-CoV-2,
harbor highly conserved SL5s. In conclusion, our comprehen-
sive exploration revealed the conservation and the diversity of
RSMs, providing better insights into the structural RNA motifs
in all CoVs as a whole. Basing on the general knowledge of
RSMs, a variety of approach could be jointly facilitated in the
face of present and future threat of pandemic CoVs.
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